Abstract Press hardening steel has become a much used material in car body manufacturing due to its excellent safety and lightweight potential. In some recent car models press hardening steel has reached already a weight share of more than 20% in the body structure while it is estimated that it could reach even around 40% in the future. However conventional press hardening steel based on the alloying concept 22MnB5 was designed originally not for automotive application. In spite of the high strength level, press hardening steel has generally low toughness due to the relatively high carbon content and its martensitic microstructure. Particularly important is the ductile-to-brittle transition temperature at low temperature, which might lead to unexpected failure in cold climate regions. Furthermore, hydrogen embrittlement is a major concern in press hardening steel as previous results indicated that only a few ppm of hydrogen could induce delayed cracking. Generally it is important that impact energy should be absorbed by the material to avoid unexpected disintegration of the structure. This material capability is usually characterized by the toughness. All these characteristics have not yet been systematically investigated in press hardening steel. Consequently, no attempts have been made to optimize conventional press hardening steel for obtaining better toughness, lower ductile-to-brittle transition temperature and reduced sensitivity to hydrogen induced cracking.
Introduction
Over the last decade press hardening technology has developed very fast worldwide. Nowadays, press hardening steel is being widely used in the car body structure for high safety standard and light weighting. According to the estimation by the end of 2013 around 210 production lines with a total capacity of more than 300 million components were installed worldwide. In some European car models from 2012 press hardening steel has reached more than 20% weight share in the car body structure such as in the Audi A3 and Volvo V40 [0] . In the future the use of press hardening steel will continue to grow, further contributing to weight reduction of the car body. Volvo estimated that PHS might reach a weight contribution of 40% in the car body application in the near future [0] .
The alloy concept of 22MnB5 was originally designed for quench and temper treatment providing a cost efficient abrasion resistant steel but not specifically for automotive application. technology firstly developed by Plania used this steel grade in the 1980's producing automotive safety components such as door anti-intrusion beams and bumper beams with a tensile strength level of 1500 MPa. Contrary to the rapid development of press hardening process technology especially during the last years the applied steel grade 22MnB5 practically has remained unchanged till today. On the materials side efforts were mainly focusing on suitable surface coatings that prevent oxidation in the furnace and provide corrosion protection during service. The suitability of the metallurgical concept of the base steel with respect to the load cases prevailing in automotive applications has principally never been questioned. A first conceptual approach to microstructural optimization in press hardening steel was defined by Mohrbacher based on analogies with martensitic steels used outside the automotive industry [0] .
Specific requirements on the press hardening steel for automotive application
Press hardening technology solves the long existing conflict of forming extremely high strength steels into complex shapes without having problems with splitting, excessive press forces or spring back. Consequently it has become a preferred route of reducing the weight of body components while maintaining a high crash safety for most of carmakers. Press hardening technology as it is currently being practiced in the majority of applications produces full hard, i.e. quenched, martensitic microstructure. This microstructure provides possibly the highest strength for a given carbon content and simultaneously the lowest elongation. Although this low elongation is not relevant for the forming process some carmakers have been demanding an increased minimum elongation after press hardening. This was perceived beneficial with regard to the crash performance of the component. An increased elongation can be achieved by tempering the press hardened component (tailored tempering) or by adjusting a small fraction of softer phases such as ferrite, bainite or austenite in the martensitic base microstructure (tailored quenching). However, achieving a significant increase in elongation by either approach inevitably result in a severe loss of strength.
It is questionable whether elongation, being a property derived from a low speed uniaxial tensile test, is really relevant with regard to the cracking behavior under a high-speed impact load. In this context toughness is a much more appropriate material property. Test procedures measuring toughness reveal two relevant characteristics: the upper shelf energy (USE) and the ductile-to-brittle transition temperature (DBTT). The USE indicates the potential of the microstructure to arrest a propagating crack and should be as high as possible. Toughness is standardly being specified for pipeline steels or structural steels. However, in thin-gauged automotive sheet toughness was not yet a specified characteristic. However, an adapted test characterizing the toughness behavior in thin automotive sheet has been performed in the past during the development of high strength IF steel. In this test a deepdrawn steel cup is impacted by a coned drop weight. Ductile steel shows continuous buckling with high energy absorption without fracture. Brittle material instantly ruptures with very low energy absorption. In high strength IF steel transition from high to low energy absorption was observed below a certain temperature being the result of so-called secondary work embrittlement. The curves obtained by the cone-in-cup drop weight test exactly resemble ductile-to-brittle transition curves obtained by Charpy V-notch testing on heavier gaged steel. It became obvious that high strength IF steel despite its excellent elongation, reaching values above 30%, can fail brittle with very little energy absorption. The reason for this behavior is related to the contamination of ferrite grain boundaries by segregated phosphorous.
As a counter-conclusion it can be postulated that in a low-elongation material such as full hard martensitic steel toughness improvement can be achieved by minimizing effects that lead to embrittlement. This particularly includes contamination of grain boundaries by impurities or precipitates as well as hydrogen embrittlement. With regard to the actual performance of a press hardened component specific details of the microstructure are important. USE in martensitic steel achieved under ductile failure mode is naturally lower than in softer ferritic or bainitic steels. However, it has been established over decades that microstructural refinement is always beneficial to toughness in any type of steel. More precisely, microstructural refinement increases the USE and simultaneously lowers DBTT.
Components made from press hardening steel are typically located in areas which receive high impact loads during a crash such as A-pillar, B-pillar, bumper beam, door anti-intrusion beam, etc. The primary requirement is that these components minimize intrusion and redistribute the crash load into areas where the kinetic energy can be dissipated by plastic deformation without threatening the passengers. This passive safety concept requires that press hardening steel should have the following general features:
 Sufficient toughness to avoid cracking or even rupture during crash over the entire operating temperature range;  Ability to allow certain amount of localized deformation (bendability) during crash in order to absorb crash energy;  High resistance to hydrogen induced cracking.
These specific characteristics were not considered in the initial alloy design of 22MnB5. Therefore it has to be investigated how these specific properties can be optimized by metallurgical modification and particularly how toughness of the present alloying concept can be improved. The target of the improvement is primarily to decrease DBTT to lower temperature for the safe crash performance in cold climate regions and to increase the upper shelf energy for energy absorbtion (USE) (Fig. 1) . Lowering the carbon content is very helpful in this respect but in press hardening steel likely not an option as strength in fully martensitic steel is mainly determined by the carbon content. On the other hand further strength increase in new press hardening steels from currently 1500 MPa towards 1800 or 2000 MPa is only possible by raising the carbon content from currently 0.22% towards 0.28 and 0.34%, respectively. This means that toughness properties become necessarily worse in such grades. Consequently, countermeasures regaining toughness become even more relevant in such steels. As an example, a recently introduced 1800 MPa press hardening grade used by Mazda was required to have the same toughness performance as the traditional 1500 MPa grade. This was successfully achieved by grain refining the new 1800 MPa using Nb microalloying at an addition of >0.06%.
Bending is a form of highly localized deformation causing micro-cracks, which can grow into macroscopic fracture if the prevailing stress level is above a critical value. Due to the very high yield strength of martensitic steel the stress level can indeed attain such high values. Fracture mechanics theory describes the relationship between critical stress level and the initial crack size to be inversely proportional (similar to the Hall-Petch relationship). Assuming that the initial defect size is related to the microstructural scale ("effective grain size"), microstructural refinement is beneficial for raising crack propagation stress and lowering ductile-to-brittle transition temperature according to equations (1) and (2), respectively [0] . The constant K in these equations reflects relevant material properties. (1) (2) Accordingly the means of optimizing press hardening steel for obtaining better crash relevant performance are:
 Refining the relevant effective grain size.  Reducing the chance of micro-crack initiation.  Avoiding accumulation of hydrogen in the fracture process zone.
Car components subjected to crash impact often experience sharp bending or buckling deformation. Accordingly, despite the thin material gage (<3mm) the outer fiber in the bending zone is subjected to highly localized deformation and simultaneously very high tensile stress. A specific 3-point-bending test has been designed to evaluate the maximum bending angle of the material without obvious cracking as specified by VDA238-100 (Fig. 2) . European OEMs require press hardening steel to achieve a minimum bending angle that is typically in the order of 60 degrees. A low critical bending angle indicates that the steel easily forms micro-cracks, which readily propagate. A high bending angle indicates that either crack initiation is retarded and / or the critical stress level for crack propagation is enhanced. Which of the two phenomena is more relevant can be derived from a detailed analysis of the force-displacement curve as well as from acoustic emission measurements made during the bending test.
Under localized deformation single-phase steels outperform multiphase steels of the same strength level. This is clearly supported by the many published data of the hole expansion ratio (also called λ-value). The better performance of single-phase steel is due to the absence of phase boundaries in the microstructure comprising a large hard-soft gradient. Within the range of single-phase steels ferrite performs better than bainite and martensite according to the increasing strength in this order. Although martensite is a single-phase microstructure, unwanted second phases can have a negative impact on the performance under localized deformation and hence promote micro-crack initiation. Prominent unwanted second phases could be manganese sulfide (MnS), which is much softer than martensite or 
TiN being much harder. Thus avoiding such phases in the ideal case or at least controlling their volume fraction, size and morphology is integral part of the optimization effort. In order to improve the bending performance tempering treatment after press hardening was sometimes considered as a possible solution. Considerable research work on tempering press hardened components revealed that both toughness and bending angle could be improved to some extent. For instance by tempering quenched 22MnB5 at 500°C the bending displacement in the 3-point-bending test could be increased by 53%. However, this treatment compromised the maximum bending force by 24% due to a decrease of tensile strength from 1500 to 1020 MPa (Fig. 2) [0]. An additional problem related to tempering is the so-called tempering embrittlement typically occurring in the temperature range of 300 to 500°C . Besides, integrating a tempering treatment into the press hardening process flow would increase the cost for the press hardened components and potentially reduce productivity. Accordingly, Volkswagen appealed that new alloying concepts for press hardening steels should be developed having the full strength level but inherently better toughness and bendability without additional treatments [0]. Another potentially severe problem with press hardening steel is hydrogen induced cracking (HIC). Free hydrogen present in the steel severely reduces the critical stress level for crack propagation (thus lowering the value of K fracture ). This phenomenon can occur instantly when hydrogen is present in the material before stress application. As a consequence failure occurs at a reduced stress level. In the socalled "delayed cracking" phenomenon microcracks being initially stable under the acting (residual) stress level start suddenly propagating once the material has been weakened by gradual hydrogen uptake and accumulation at existing crack tips. The speed of this process is controlled by the hydrogen diffusivity. Hydrogen can be originating for instance from steelmaking process, corrosion reaction or welding process. Investigations have shown that merely a few ppm of hydrogen charged into the press hardening steel (22MnB5) could dramatically deteriorate its critical fracture strength (Fig. 3) [0]. Yet, in practice it is very difficult to evaluate the critical hydrogen content triggering delayed cracking. Furthermore, it is nearly impossible to predict how much hydrogen a car component might pick up during manufacturing and later operation. Hence, the only safe option is to shift the critical hydrogen concentration generally to a higher level by optimizing the steel as is schematically indicated in Fig. 3 . Ideally that increased critical level would not be reached under typical manufacturing and operating conditions of the vehicle. Consequently, research has to identify the microstructural features that can increase the critical hydrogen concentration in press hardening steel. Critical fracture stress (MPa)
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New alloy designs for press hardening steel
Considering the fracture mechanisms in martensitic steels with regard to crack initiation and propagation three strategies (Table 1) have been worked out to optimize conventional alloy design based on 22MnB5:
1) Grain refinement by Nb microalloying 2) Removal of B and Ti to avoid hard TiN particles and complex grain boundary precipitates 3) Strengthening austenite grain boundary by Mo addition to impede intergranular fracture.
In the following experimental study the emphasis is on strategy 1), refining the microstructure as a general platform for optimizing the material performance. All three alloying concepts have been introduced and explained in detail in previous papers [0, 0, 0]. In the following the metallurgical effects of Nb microalloying on the improvement of toughness, bendability (3-point-bening test) and hydrogen induced cracking behavior in press hardening steel will be presented. 
Toughness improvement by Nb microalloying
The relationship between microstructural features of martensite and its failure behavior have been extensively researched and comprehensively summarized by Morris et al.
[0]. The microstructure of the different forms of martensite is quite complex. Generally however, one can distinguish laths, blocks and packets that develop as a sub-structure within the prior austenite grain at the moment of austeniteto-martensite transformation. It has been clearly established that any sub-structural feature in martensite cannot be larger than the prior austenite grain size (PAGS) (Fig. 4) [0, 0]. Therefore the PAGS is the key characteristic to be considered when aiming to refine the microstructure of martensite. The beneficial effect of microstructural refinement on the toughness of martensitic steels has been verified by several studies. Reducing the PAGS increases toughness especially when the packet size is kept below 20µm (Fig. 5) [0]. Considering the entire processing sequence of press hardening steel the following steps have an influence on the PAGS:
 Reheating of the slab -austenite grain growth  Roughing rolling in the hot strip mill -austenite grain homogenization and moderate refinement  Finish hot rolling -austenite grain refinement depending on rolling schedule (current practice gives little refinement)  Annealing after cold rolling -recrystallization and ferrite grain growth (severity increases with temperature and duration)  Reheating before hot stamping induces austenite grain coarsening (severity increases with temperature and duration)
In all the above process steps finish hot rolling is the one that allows achieving the largest grain size reduction provided the rolling conditions are adapted. In all subsequent steps grain coarsening can only be obstructed but further grain refinement can actually not be achieved. Current hot rolling practice in the production of press hardening steel is typically applying an uncontrolled rolling schedule, which is focusing rather on high productivity but not on austenite conditioning resulting in grain refinement. The means of installing grain refinement during finish rolling are well established from the production of HSLA steels and require a reduced finish entry temperature in combination with Nb microalloying that effectively prevents recrystallization of austenite [0] . Increasing the addition of Nb raises the temperature of recrystallization delay and accordingly allows higher finish entry temperature. By adding around 0.06%Nb a good compromise between productivity (finish rolling run-in temperature) and the degree of grain refinement can be achieved. Co-addition of Mo further delays recrystallization and thus supports the effect of Nb providing a fine-grained microstructure in hot-strip which will automatically create finer microstructure in the cold rolled strip provided the process conditions are the same for cold rolling, annealing and press hardening.
Nb precipitates formed during hot rolling as well as in-situ formed precipitates during the reheating process before hot stamping are stable and have the capability to pin the austenite grain boundary preventing grain coarsening. The reheating temperature of 22MnB5 for the press hardening process is usually 950°C, however for the conventional quenching and tempering process which 22MnB5 was designed for the reheating temperature should be 880±10°C according to EN 10083-3. This intends preventing the grain size of prior austenite becoming coarser than ASTM 5. The relatively high reheating temperature in press hardening will inevitably cause austenite grain growth during the reheating process and consequently leads to a coarser martensite substructure after quenching. Previous and current results demonstrate that Nb microalloying by around 0.05% can effectively obstruct grain coarsening even at reheating temperatures in the order of 1000°C. Unfavorable conditions promoting austenite grain coarsening can particularly occur in the case of a process disturbance, e.g., when the press line is stopped and material flow has to be stopped thus residing longer in the furnace.
By increasing the Nb content in press hardening steel the grain size of prior austenite decreases (Fig. 6 ) and the Charpy energy (USE) increases (Fig. 7) . There are also indications that the DBTT can be lowered by in the order of 30°C as a result of PAGS refinement. The toughness enhancing effect of PAGS refinement is applicable at any strength (hardness) level.
Figures 8 and 9 demonstrate the effect of Nb microalloying on the PAGS for a wide range of furnace conditions. It is evident that Nb microalloyed press hardening steel shows finer PAGS under any of the simulated furnace conditions. In the case of severe overheating (1000°C) austenite grains in conventional 22MnB5 grow to nearly double the size than in the Nb-added variant. In another case of extra-long furnace residence (60 minutes) again conventional 22MnB5 exhibits again about double the austenite grain size as compared to the Nb-added variant. Thus Nb microalloying clearly reduces the microstructural sensitivity of press hardening steel to variations in the reheating process. Consequently all properties depending on microstructure such as toughness and bendability become more robust by Nb microalloying. Besides the PAGS being an average value, uniformity of the austenite grain size becomes better by Nb addition, especially with increasing reheating temperature (Fig. 10) . Conventional 22MnB5 shows increasingly mixed grain size with large and small grains as the temperature increases. Mixed grain size has been experienced to cause component distortion after the quenching process due to different transformation kinetics of large and small grains. This simultaneously indicates the presence of considerable residual stresses that can later add to service stress and particularly can play a negative role with regard to delayed cracking. Mixed grain size also has a negative effect on the fatigue behavior.
Generally it was observed that the prior austenite grain size in final components made from standard press hardening steel (22MnB5) is often in the range of ASTM 5-6. By niobium microalloying the grain size refines to typically ASTM 7-9 under hot rolling conditions, i.e., uncontrolled rolling. When applying a TMCP rolling schedule PAGS of ASTM 10 or finer have been shown feasible in recent trials producing press hardened components of a Nb microalloyed variant of 22MnB5.
Bendability improvement by Nb microalloying
Previous experiments under VDA238-100 test conditions already demonstrated the positive effect of Nb microalloying on the critical bending angle in a 1900 MPa press hardening grade (34MnB5). The improvement was in the order of 20% increase in critical bending angle for a Nb addition of around 0.05% [0] . Remarkably, the 0.05%Nb microalloyed 1900 MPa grade showed a better critical bending angle than a standard (i.e. not Nb alloyed) 1500 MPa grade of the same steel producer. Another interesting observation was that removal of boron in the 0.05%Nb added grade led to a further significant increase of the critical bending angle. The production experience with Nb alloyed 22MnB5 (0.035%Nb addition) also confirmed the general improvement in the bending angle under VDA238-100 test conditions. Although as found in the laboratory investigations 0.035% Nb addition is insufficient to achieve the optimum effect on grain refinement around 10 degree higher bending angle was achieved under same quenched and tempered conditions compared to conventional 22MnB5 (Fig.11) . Often quite different values of critical bending angle are observed in press hardening steel when comparing the rolling direction with the transverse direction. This anisotropy has its origin in a banded microstructure in the initial hot rolled strip. Up to now this problem was not clearly recognized and investigated with regard to the bendability of press hardening steel. Generally the hot strip microstructure of press hardening steel is adjusted to be ferritic-pearlitic ( Fig. 12-a) allowing efficient cold rolling without overloading the rolling stands. The finishing conditions in the hot strip mill accordingly demand a fairly low cooling rate and a sufficiently high coiling temperature. However under certain conditions a banded microstructure can form with the bands being parallel to the rolling direction ( Fig. 12-b) . The bright contrast in this microstructure represents ferrite (low carbon content) whereas the black one represents pearlite (high carbon content). A banded microstructure in the hot strip will be inherited to the final microstructure of press hardening steel resulting in banded martensite. Bands of martensite with increased carbon content have a higher hardness than the mating bands of lower carbon martensite. Also the martensite transformation start temperature is lower in the higher carbon band so that residual stresses can be generated by non-simultaneous transformation. This can cause a significant reduction of the bendability, especially in the rolling direction, because micro cracks formed near the band structure can efficiently propagate along the band interface leading to formation of macro cracks. Recent investigations revealed that when such a banded structure exists in the final product the bending angle in the rolling direction is around 20% lower than in the transverse direction under the same test conditions (Fig. 12a) . Therefore, the sample orientation has to always be considered when comparing results from bending tests.
The formation of banded microstructure can be caused by segregation of alloying elements during the casting process (primary segregation) or during the phase transformation on the run-out table of the hot strip mill or during coiling (secondary segregation). In order to minimize the primary segregation, the casting process must be optimized by adjusting superheating, EMS (electromagnetic stirring) and secondary cooling. Due to its segregation pattern a higher Mn content particularly promotes band formation ( Fig. 12-b) . To avoid secondary segregation the hot rolling finishing parameters must be optimized for instance by decreasing finish rolling temperature, increasing cooling rate on the run-out table and lowering coiling temperature. Through process optimization with regard to casting and rolling it is possible to achieve a more homogeneous microstructure for ferrite and pearlite exposing a less pronounced banded structure. In this respect the strong grain refining effect by Nb microalloying also contributes increasing the number of nucleation sites and thus promoting a more homogeneous distribution of phases (Fig. 12-c) . 
Improvement in resistance against hydrogen induced cracking by Nb microalloying
Press hardening steel was found to be highly susceptible to hydrogen embrittlement constituting a major concern to OEMs. This phenomenon seriously affects material properties like strength, elongation and toughness to such an extent that unexpected failure may occur in components compromising vehicle functionality and safety. Previously investigations were conducted to evaluate the cracking behavior of press hardening steel under hydrogen influence. Experiments indicated a 75% reduction of tensile strength for a hydrogen concentration of about 7 ppm in 1500 MPa press hardening steel [0] . Often steelmakers qualify press hardening steel by 4-point bend testing in corrosive solution according to DIN EN ISO 7539-2 / ASTM G 39. In such tests reduced load carrying capability of press hardening steel has been found as well [0] . Addition of Nb to press hardening steel indicated an improvement of the performance under 4-point bending conditions in corrosive solution [0] . However, the scatter of the measured data is quite large making a clear conclusion difficult. The data scatter could be related to reproducibility issues under these test conditions and sample preparation.
In the current investigation dedicated hydrogen embrittlement tests were conducted on the press hardening steel 22MnB5 with variation of Nb content from 0 to 0.08% excluding other influencing variables as much as possible. The test setup schematically shown in Figure 13 ensures a defined stress state in the sample. The following procedure was pursued:  The flat samples were wire cut (to avoid any micro cracks at the sample periphery), polished and Ni-coated for the hydrogen charging test.  The test samples were put into the hydrogen charging solution (0.5mol/L H 2 S0 4 +0.25g/L NH 4 SCN) under the constant load.  For hydrogen charging the current flow rate was varied from 0 to 1.0 A/cm 2 .  In each test the load was varied (from high to low) for the same hydrogen charging conditions.  The stress level at which the steel sustains 100 hours [H] charging without failure is regarded as the critical fracture stress ( HIC ).
The critical fracture stress for the different Nb contents is shown in Figure 14 . When the current density for hydrogen charging was zero, the steel without Nb (conventional 22MnB5) already started to show the tendency for embrittlement while the Nb alloyed steels remained more or less stable against embrittlement. When the current density was increased effective hydrogen charging took place leading to severe embrittlement in conventional press hardening steel. This is in agreement with other published results [0] . The drop in critical fracture stress in the embrittled material is about 70%
compared to the original material. The current experiments indicate that adding Nb to conventional 22MnB5 clearly reduces hydrogen embrittlement sensitivity. By increasing the Nb content towards 0.05% the tensile strength after hydrogen charging is reduced to around 1200 MPa, i.e., 75% of the original strength is preserved. For the higher Nb addition of 0.08% no further improvement is observed. Analysis of the fracture surface reveals a ductile dimple-type pattern for both, the conventional as well as the 0.05%Nb added steel (Fig. 15) charging current is 0 mA/cm 2 , i.e., little or no hydrogen is taken into the steel. Increasing hydrogen charging current results in brittle fracture appearance of conventional 22MnB5. On the contrary, the fracture surface of 0.05%Nb added steel still shows ductile appearance after charging at 0.5 mA/cm 2 With increasing [H] charging intensity (1.0 mA/cm 2 ) the conventional 22MnB5 changes to a typical intergranular fracture while Nb added steel exhibits the feature of quasi cleavage with a mix of brittle and ductile fracture. From the crystal facets in the fracture surfaces also the much finer PAGS in the 0.05%Nb added steel is apparent. In order to gain more fundamental understanding on how Nb microalloying changes the fracture behavior of press hardening steel under hydrogen influence, hydrogen permeation tests were conducted. The test results revealed that Nb microalloying significantly reduces the hydrogen diffusivity in press hardened steel and reaches a minimum value which is 3.5 times lower than that of conventional 22MnB5 at around 0.05%Nb addition (Fig. 16) . Higher Nb addition does not further reduce the hydrogen diffusivity but rather leads to an increase from the minimum value.
This new finding helps to explain why Nb microalloying increases the resistance to [H] embrittlement in press hardening steel. Normally hydrogen penetrated into steel tends to diffuse to large inclusions and precipitates, where the microcracks can easily occur, or to segregate around grain boundaries of prior austenite. This leads locally to a much higher concentration of [H] and causes embrittlement if the critical [H] content is reached in the steel (Fig. 17) . Especially the highly concentrated [H] will contaminate and weaken the grain boundaries of prior austenite resulting in the typical intergranular fracture (right picture in Fig. 17 ). Through Nb microalloying the diffusivity of [H] in the press hardening steel is very much reduced. This is a clear indication that hydrogen is being trapped and thus becomes immobile so that it cannot easily diffuse to these places to deploy its embrittling effects. The higher hydrogen diffusibility in conventional 22MnB5 as well as in its low-Nb added variant explains the large drop in tensile strength after hydrogen has been charged (Fig. 14) .
As above discussed for the toughness improvement of press hardening steel it is essential to implement grain refinement and to make clean steel at same time (to reduce inclusions). Now it becomes clear that these metallurgical countermeasures are also beneficial to improve the resistance to [H] embrittlement. By reducing inclusions it can be avoided that [H] gets concentrated around the crack tips to cause damages. By implementing grain refinement (Fig. 6 ) a larger total grain boundary area will be created. The grain boundary can act as hydrogen trapping site on one hand and on the other hand to deplete [H] concentration. Therefore grain refinement is one possible mechanism responsible for reduced hydrogen embrittlement of Nb microalloyed press hardening steel. Yet, grain refinement alone cannot explain the pronounced minimum in the diffusivity for the sample containing 0.05%Nb since there is similar fine grain in the 0.08%Nb variant. For that another trapping mechanism could be responsible namely hydrogen trapping at NbC precipitates. Influencing factors on the efficiency of particle trapping are the amount of precipitates, their distribution and their size [0] . The present results suggest that the optimum of these factors is achieved with addition of 0.05%Nb. For a smaller Nb addition, the amount of Nb precipitates will be necessarily less. For a higher Nb addition precipitates appeared to be of coarser size. These aspects, which also depend on the exact conditions of the rolling as well as the press hardening process, have to be investigated in more detail.
Conclusions
The current investigation clearly indicates that conventional press hardening steel (22MnB5) has a remarkable optimization potential for properties that are related to unexpected failure and crash performance. The major step of the metallurgical optimization approach focuses on grain refinement referring to the prior austenite grain size (PAGS). The mere addition of the microalloying element niobium (Nb) can provide significant refinement of the PAGS. In a conservative approach, i.e., the processing schedule in the mill and during press hardening remaining unaltered, Nb addition of 0.05% (0.5 kg Nb addition per metric ton of steel) appears to be sufficient in achieving the following benefits:  Refinement of the PAGS by more than 2 ASTM grain size classes.  Significantly increased robustness against grain coarsening under overheating conditions.  Increased toughness against impact loading.  Lower ductile-to-brittle transition temperature.  Significantly increased critical bending angle (VDA238-100).  Remarkably increased resistance against hydrogen embrittlement.
It can be anticipated that by a progressive optimization approach, i.e. more refined PAGS as well as elaborate control of size and distribution of niobium carbide precipitate , further improvements are achievable. This would mainly require moderate changes in the upstream (hot rolling mill) processing schedule. Furthermore, fine-tuning of the alloying elements Mo, Ti and B can bring about additional optimization potential as is becoming apparent from preliminary investigations [0].
